F rancisella tularensis is a facultative intracellular coccobacillus and the causative agent of tularemia. Because F. tularensis persists in the environment and has been produced as a bioweapon (1) , interest in F. tularensis biology has risen. In mice, F. tularensis causes a fulminant infection that is similar to human tularemia (2) . Cell-mediated responses are important in controlling and resolving F. tularensis infection in mice (3) (4) (5) . Initial survival during infection is dependent on IFN-␥ with NK cells being the likely source of this cytokine at early stages of the disease (6) . IFN-␥ is required in F. tularensis-infected mice for macrophage activation. Macrophages from IFN-␥-deficient mice fail to prevent intracellular growth of F. tularensis resulting in rapid death (7) . Mice that lack adaptive immune responses are able to initially control bacterial infection; however, they are unable to resolve the infection and eventually die (8) . T cell-mediated immune responses confer protection and immunity against F. tularensis, whereas B cell Ab responses seem to play a minimal role in protection, although a non-Ab B cell-mediated role has been reported (9) . CD4 ϩ T cells respond to exogenous proteins and CD8 ϩ T cells respond against endogenous or cross-presented proteins. Both CD4 ϩ , MHC class II-restricted, and CD8 ϩ , MHC class I-restricted, T cells are independently capable of controlling F. tularensis, because mice depleted of either population are still able to clear infection (4) . Interestingly, CD4
Ϫ CD8 Ϫ CD3 ϩ T cells are also able to control intracellular F. tularensis growth in vitro (3), the MHC class restriction of these T cells is not known. Thus, a variety of T cells contribute to controlling F. tularensis infection. Any modulation or dampening of T cell responses would promote a selective advantage to F. tularensis in its ability to infect and replicate within the host.
PGs are a family of powerful short-lived lipid mediators of immune responses. PGs have been demonstrated to have both inhibitory and stimulatory effects on immune cell function (10, 11) . PGE 2 interacts with a variety of immune cells, leading to increased cAMP levels that alter activation (12) (13) (14) . The production of PGE 2 is a complex pathway (as reviewed in Ref. 15 ). The cyclooxygenase (COX) 4 -1/COX-2 enzymes convert arachidonic acid into PGH 2 , an unstable intermediate, PGES then converts PGH 2 to PGE 2 . The COX-1 enzyme is constitutively expressed, whereas COX-2 is inducible. There are three PGE synthases membrane PGE synthase 1 (mPGES1), mPGES2, cPGES. Although all can convert PGH 2 into PGE 2 , only mPGES1 has been shown to be responsible for induction of PGE 2 from macrophages (16, 17) . The ability of PGE 2 to block T cell proliferation is mediated through the E prostanoid receptor 4 (18) . Engagement of this receptor leads to decreased calcium flux, an early stage of T cell activation, and blocks the downstream production of IL-2 and IFN-␥, while augmenting production of IL-4 and IL-5 (18 -20) . IL-2 is an important mediator in T cell proliferation. Blocking of IFN-␥ production directs the remaining T cells toward a Th 2 phenotype. Although the effects of PG on the immune system are understood, their role in infectious disease is not. Recent studies have clearly demonstrated that the bacterial products LPS, peptidoglycan, and CpG DNA can initiate COX gene up-regulation and PG secretion (21) (22) (23) (24) (25) . Thus, bacterial infections that can induce PGE 2 are able to inhibit T cell function, and should gain an advantage in in vivo growth.
Intracellular bacteria use a myriad of mechanisms to evade immune responses. The mechanism behind this evasion is poorly understood and is likely specific to each bacterium. F. tularensis, Listeria monocytogenes, and Salmonella enterica all alter or escape the macrophage phagolysosomes to evade destruction (26, 27) . Some intracellular bacteria down-regulate MHC class I or MHC class II surface expression (28 -31) . Mycobacterium tuberculosis skews the cytokine response from a pro-to an antiinflammatory response (32, 33) . Legionella pneumophila causes IFN-␥-stimulated macrophages to produce PGE 2 , and blocks IFN-␥ secretion from CD4 ϩ T cells (34) . S. enterica can also stimulate macrophages to secrete PGE 2 (35) . Thus, intracellular bacteria use multiple mechanisms to modulate and evade the adaptive immune response.
In this study, we identified one mechanism that F. tularensis uses to modulate T cell responses. Infection of macrophages by F. tularensis alters their ability to appropriately activate Ag-specific T cells. Furthermore, infected cells secrete a soluble product that can mediate this effect. We have shown the soluble factor to be PGE 2 , which leads to decreased T cell proliferation. Furthermore, PGE 2 can skew cytokine production by T cells away from IL-2 and toward IL-5. This is the first such study to examine a direct effect of F. tularensis infection on subsequent T cell function.
Materials and Methods

Cell lines
The murine macrophage cell line ANA-1 (36) (provided by Dr. J. Frelinger, University of Rochester Medical Center, Rochester, NY) was cultured in RPMI 1640, supplemented with 5% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 50 M 2-ME. Before infection, cells were washed extensively with antibiotic free-supplemented RPMI 1640.
The OVA-specific B3Z T cell hybridoma (37) (provided by N. Shastri, University of California, Berkeley, CA), which recognizes the OVA peptide SIINFEKL bound to K b , was cultured in RPMI 1640, supplemented with 5% FCS, 2 mM L-glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, 50 M 2-ME, and 50 g/ml hygromycin.
RAW.Ak macrophages (provided by Dr. C. Harding, Case Western University, Cleveland, OH) were produced by transfection of the RAW246.7 murine macrophage cell line with mouse IA k MHC class II gene (38) . RAW.Ak cells were cultured in RPMI 1640 supplemented with 10% heatinactivated FBS, 1 mM sodium pyruvate, 10 mM HEPES buffer, 50 M 2-ME, 50 U/ml penicillin, and 50 g/ml streptomycin.
The IA k -HEL 46 -61 -specific murine T cell hybridoma, h4Ly50.5 (provided by Dr. W. Wade, Dartmouth Medical School, Lebanon, NH), was cultured in DMEM supplemented with 10% heat-inactivated FBS, 1 mM sodium pyruvate, 2 mM L-glutamine, and 50 M 2-ME.
Bacteria
The F. tularensis live vaccine strain (LVS) (29684; American Type Culture Collection (4) strain was used in these studies. Viable bacteria were quantified by serial dilution on chocolate agar.
Mice
B6.D2 TgN(tcr-Lcmv)327Sdz/Fre (P14) were bred at the University of North Carolina as described previously (39) . C57BL/6 (B6) mice were purchased from either The Jackson Laboratory or Taconic Laboratories. The B6;129-mpges1 tm1 /Kol (mPGES1 Ϫ/Ϫ ), backcrossed to B6 for six generations (40) , were provided by Dr. B. H. Koller (University of North Carolina at Chapel Hill, NC). All animals used in this study were maintained under specific pathogen-free conditions in the American Association of Laboratory Animal Care-accredited University of North Carolina Department of Laboratory Animal Medicine Facilities. B10.BR/SgSnJ (B10.BR) mice were purchased from The Jackson Laboratory and housed in the Animal Resource Facility at Albany Medical College under specific pathogen-free conditions.
Peptides
The gp33 peptide (KAVYNFATC), HY peptide (KCSRNRQYL), and OVA peptide (SIINFEKL) were synthesized by the University of North Carolina microchemical facility, purified by HPLC, and tested for purity by mass spectroscopy.
Tetramers
The P14 CD8 ϩ T cell cognate tetramer D b -KAVYNFATC and irrelevant tetramer D b -KCSRNRQYL tetramer were produced as described previously (39, 41) . All batches were routinely tested for LPS contamination.
Proliferation
Naive CD8
ϩ T cells were purified from spleen of P14 transgenic mice by negative paramagnetic cell separation (Miltenyi Biotec) as described previously (41) . We routinely achieved a 90% pure CD8
ϩ T cell population as determined by flow cytometry. Standard [ 3 H]thymidine incorporation was used to measure proliferation. In tetramer proliferation studies, purified P14 CD8 ϩ T cells were cultured at a concentration of 2.5 ϫ 10 4 cells/well of a 96-well plate and incubated with complete medium (RPMI 1640 with 5% FCS) and an equal volume of either mock-infected or infected supernatants for 2 h before the addition of various concentrations of tetramer. For PGE 2 treatment, purified P14 CD8 ϩ T cells were cultured at a concentration of 2.5 ϫ 10 4 cells/well of a 96-well plate and incubated with complete medium (RPMI 1640 with 5% FCS) and an equal volume of either mock-infected or infected supernatants, or 15 ng/ml PGE 2 (Cayman Chemical), or 15 ng/ml Iloprost (Sigma-Aldrich) along with various concentrations of tetramers. In peptide proliferation assays, P14 CD8 ϩ T cells were purified. The remaining spleen cells (CD8 Ϫ ) were irradiated at 16 Gy emitted from a Gammacell 40 Cesium-137 source (Atomic Energy of Canada Limited, Ottawa, Canada) and used as APCs. CD8
ϩ T cells and APCs were then plated in a 1:1 ratio at 2 ϫ 10 5 cells/well in equal volumes of complete medium and either mock-infected or infected supernatants for 2 h before the addition of various concentrations of peptide.
Ab stimulation of T cell hybridoma
Flat-bottom 96-well plates were coated with 10 g/ml hamster anti-mouse CD3 (eBioscience; catalog no. 14-0031-86) for 15 h at 4°C. Following washing with PBS, 10 5 h4Ly50.5 T cells were added to the wells along with 10 g/ml soluble anti-mouse CD28 (eBioscience) and cleared F. tularensis infection medium, mock-infected medium, or PGE 2 (Cayman Chemical) for 24 h at 37°C. Following incubation, supernatants were screened for IL-2 and IL-5 using a mouse Th1/Th2 cytokine and cytometric bead array according to the manufacturer's instructions (BD Biosciences; catalog no. 16-0281-86).
lacZ assays
After activation, cells were lysed and total lacZ activity in individual cultures was measured using chromogenic substrates as described previously (37) . Briefly, individual cultures in 96-well plates were washed once with 100 l of PBS, and lysed by addition of 100/l Z buffer (100 mM 2-ME, 9 mM MgCl 2 , and 0.125% Nonidet P-40 in PBS) containing 0.15 mM CPRG (chlorophenol red/3-galactoside; Calbiochem). After 4-h incubation at 37°C, 50 l of stop buffer (300 mM glycine and 15 mM EDTA in water) was added to each well, and absorption/fluorescence of each well was read using a 96-well plate reader. Absorption wavelength used for CPRG was 570 nm with 650 nm as the reference wavelength.
Bone marrow-derived macrophage generation
Bone marrow cells were flushed from B10.BR or B6 mouse femurs and incubated for 7 days on nontissue culture-treated 15-cm 2 dishes with L cell-conditioned medium containing GM-CSF. Following differentiation, nonadherent cells were removed by multiple washes with PBS and bone marrow-derived macrophages were removed from plates by incubation with 1 mM EDTA in PBS.
Ag presentation assay RAW.Ak or bone marrow-derived macrophages were pretreated where indicated for 24 h with 100 U/ml murine IFN-␥. After washing and suspension in cell culture medium, macrophages were placed into wells of a 96-well plate at a concentration of 2 ϫ 10 5 /well. Following 2-h incubation at 37°C to allow adherence to the plate, the macrophages were cocultured with the indicated concentration of filter-sterilized hen egg lysozyme (HEL) and 10 5 h4Ly50.5 T cells for 24 h at 37°C. Supernatants were removed and screened for IL-2 and IL-5 using a mouse Th1/Th2 cytokine kit and cytometric bead array according to the manufacturer's instructions (BD Biosciences; catalog no. 551287).
Infection of cells and preparation of conditioned medium
Spleens were aseptically harvested from mice and a single-cell suspension was generated. RBC were removed by ACK lysis. Cells were plated at a concentration of 3.5 ϫ 10 6 splenocytes/ml in antibiotic-free complete medium. Either splenocytes or macrophages were infected with F. tularensis at various multiplicity of infections (MOI) where indicated. Two hours after infection, extracellular F. tularensis was killed by the addition of 50 g/ml gentamicin and the cultures were incubated for 45 min. Supernatant was removed and cells were washed with PBS, fresh antibiotic-free complete medium was added, and cells were incubated for a further 24 h. Supernatant was then collected and spun at 300 ϫ g for 10 min to remove eukaryotic cells. Supernatant was then heat treated at 60 o C for 10 min or UV inactivated to kill any extracellular F. tularensis. Supernatant was plated onto chocolate agar after heat treatment to ensure complete killing of F. tularensis. Supernatant was then stored at Ϫ80 o C until needed. To inhibit COX-1/COX-2 activity, cells were pretreated with either ethanol (solvent control) or 10 M indomethacin (Sigma-Aldrich) before infection. Indomethacin and ethanol were maintained in cultures throughout infection except in washes.
Flow cytometry
Cells were stained with either directly conjugated PE-labeled anti-V␣2 TCR or 2.5 nM of PE-labeled D b gp33 tetramer and then analyzed by flow cytometry using FACSCalibur (BD Biosciences).
Enzyme immunoassay
PGE 2 was measured using a commercial PGE 2 enzyme immunoassay kit (Assay Design) according to the manufacturer's instructions.
Statistical analysis
Data were analyzed using Student's t test for differences in lacZ assays, proliferation assays, PGE 2 levels, and CFUs. GraphPad Prism 4.03 (GraphPad) was used for analysis. Statistical significance is indicated as p Յ 0.05, p Յ 0.01, p Յ 0.001.
Results
F. tularensis alters T cell activation through a soluble inhibitory factor
During generation of F. tularensis-specific T cell hybridomas for epitope discovery, we observed that F. tularensis-infected APCs were unable to stimulate F. tularensis-specific T cell hybridomas (data not shown). Furthermore, F. tularensis infection of APCs presenting soluble F. tularensis Ag resulted in a similar response by an Ag-specific T cell hybridoma. We hypothesized that F. tularensis is able to modulate T cell hybridoma activation. To better investigate this observation, we used epitope-defined MHC class I and MHC class II T cell hybridomas. We infected splenocytes with various MOI of F. tularensis. We then added the B3Z T cell hybridoma and cognate peptide. After 24 h we examined lacZ activity by the addition of CPRG. Addition of F. tularensis inhibited the production of lacZ of the B3Z T cell hybridoma at a MOI as low as one bacterium to four host cells (Fig. 1A) . These data demonstrates that F. tularensis infection of APCs can alter activation of MHC class I-restricted T cell hybridoma.
We also tested the ability of F. tularensis infection to modulate activation of MHC class II-restricted T cell hybrids. Activation of h4Ly50.5 was determined by analyzing supernatants for IL-2 and IL-5. We infected RAW.Ak at a MOI of 100:1 and added the h4Ly50.5 and various concentrations of HEL. After 24 h IL-2 and IL-5 levels were determined in the supernatants. As seen in MHC class I-restricted T cells, there is a marked decrease in IL-2 secretion by the h4Ly50.5 T cell hybrid. We also observed increased production of IL-5 (Fig. 1B) . IL-5 is produced during Th2 responses and considered to be an anti-inflammatory cytokine (42, 43) . These experiments demonstrate that F. tularensis alters T cell responses, both blocking IL-2 production and promoting a Th-2-like response.
We wanted to determine whether a soluble inhibitory factor was responsible for altering T cell hybridoma activation. To examine this hypothesis, we isolated supernatant from mock-infected or infected splenocytes or bone marrow-derived macrophages (MOI 100:1) as described previously. After 24 h, supernatant was collected and any F. tularensis LVS that had escaped from the APCs were inactivated with either UV treatment or heat treatment (100 o C for 30 min). The serially diluted supernatant was added to uninfected splenocytes with the B3Z T cell hybridoma or bone marrow-derived macrophages and the h4Ly50.5 T cell hybridomas and appropriate cognate peptide. Twenty-four hours later, T cell hybridoma response was determined. Supernatant from infected splenocytes was able to block T cell hybridoma IL-2 secretion in both MHC class I-and MHC class II-restricted T cells (Fig. 1, C  and D) . Infected supernatant also increased IL-5 production from the h4Ly50.5 T cell hybridoma (Fig. 1D) . Supernatants from infected RAW.AK cells had the same effect as infected bone marrow-derived macrophages (data not shown). The 100 o C treatment should eliminate most proteins, especially cytokines, and would suggest that a very stable protein, lipid, or sugar structure is responsible for modulation of T cell hybridoma activation. The data demonstrate that F. tularensis infection of APCs leads to production of a soluble factor that can alter T cell activation.
Soluble inhibitory factor can directly inhibit T cell proliferation
We hypothesized that the soluble inhibitory factor either targets the APC and interferes with Ag presentation or directly affects the T cell. To examine this theory, we used an APC-free system of naive T cell activation. Soluble MHC class I tetramers can directly stimulate CD8 ϩ T cells in vitro to proliferate (39) . We used purified P14 transgenic CD8 ϩ T cells that recognize the lymphocytic choriomeningitis virus gp33 epitope KAVYNFATC (44) . Purified CD8 ϩ T cells were stimulated with various concentrations of MHC class I tetramer-bearing cognate peptide (gp33 D b ) in the presence of supernatant's from mock-infected or infected splenocytes. [ 3 H]Thymidine incorporation was used to determine proliferation. Incubation of T cells in infected supernatant led to a 10-fold shift in the dose response compared with mock-infected supernatant ( Fig. 2A) . To determine whether the soluble inhibitory factor could make the T cells refractory to later stimulation, T cells were preincubated in mock-infected or infected supernatant for 2 h. The supernatant was removed and fresh medium along with various concentrations of cognate tetramer was added. Proliferation was again determined by [ 3 H]thymidine incorporation. As described before, T cells incubated with infected supernatant were almost completely inhibited in their ability to proliferate compared with T cells incubated mock-infected supernatant (Fig. 2B) . Taken together, these experiments suggest that the soluble factor is interacting directly with the T cell to block proliferation and this treatment of the T cells makes them refractory to later stimulation.
Inhibition of T cell proliferation may be due to decreased expression of TCR. To determine whether the number of TCR molecules was down-regulated, we examined expression of V␣2. Binding of an anti-V␣2 Ab was unchanged (Fig. 2C) . It was also possible that the factor interfered with MHC-TCR interaction. To determine whether the soluble inhibitory factor was interfering with TCR binding to MHC peptide complex, we examined the ability of cognate MHC class I tetramer to bind to the P14 transgenic T cells. Purified CD8 ϩ T cells were incubated or preincubated in mock-infected or infected supernatant and stained with PE-labeled MHC class I tetramer. The soluble inhibitory factor did not interfere with the ability of T cells to bind MHC tetramer (Fig. 2C) .
Because the binding of TCR and TCR-MHC are unaffected, it is likely that effects of the soluble factor are downstream of TCR engagement. Calcium mobilization is an early step in TCR signal transduction. We examined calcium mobilization of mock-infected and infected supernatant treated P14 transgenic T cells that were stimulated with cognate tetramer. Treatment of T cells with infected supernatant both decreased the amount of calcium mobilized after tetramer stimulation and slightly slowed the kinetics (Fig. 2D) , suggesting differential signaling. These data demonstrate that the soluble inhibitory factor is acting directly upon the T cell to block proliferation.
Indomethacin treatment partially reverses F. tularensis ability to alter T cell hybridoma cytokine secretion
The heat stability of the inhibitory factor suggests a small, stable protein, lipid or sugar. COX-2 is the inducible enzyme that is the important in the pathway leading to the production of many PGs.
F. tularensis up-regulates COX-2 mRNA levels in human macrophages and dendritic cells (T. H. Kawula, unpublished data). Furthermore, PGs are well-known mediators of immune responses (18 -20) . Thus, we suggest that the mechanism that mediates F. tularensis modulation of T cells is the production of PGs by infected cells that then alters T cell activation. To test this theory, we infected bone marrow-derived macrophages with F. tularensis that were either untreated, treated with indomethacin in ethanol or the vehicle ethanol alone. Twenty-four hours after infection, supernatants were collected. Purified P14 CD8 ϩ T cells were incubated in the supernatants along with cognate peptide and irradiated APCs. T cell proliferation was determined by [ 3 H]thymidine incorporation. Treatment of APCs with indomethacin partially reversed T cell inhibition of proliferation (Fig. 3A) . To examine whether PGs were also affecting the MHC II-restricted T cells, we infected indomethacin-treated bone marrow-derived macrophages and added h4Ly50.5 T cell hybridomas and HEL protein. Twentyfour hours later, supernatants were tested for levels of IL-2 and IL-5. As seen in the P14 CD8 ϩ T cells, indomethacin treatment partially restored IL-2 levels back to control levels (Fig. 3B) . However, indomethacin treatment reduced IL-5 to control levels (Fig. 3C) . These data taken together suggest that PGs are at least partially responsible for inhibiting T cell proliferation and completely responsible for increased production of IL-5 by the T cell hybridoma.
F. tularensis infection causes PGE 2 secretion
We have demonstrated that PGs are partially responsible for the skewing of T cell responses. Although several PGs have been demonstrated to influence immune responses, PGE 2 has been the best characterized. Furthermore, PGE 2 is a potent mediator of the immune response and has been demonstrated to inhibit IL-2 production by T cells and induce the secretion of IL-5, similar to the results seen with the T cell hybridomas during F. tularensis infection (18 -20) . We hypothesized that F. tularensis infection of bone marrow-derived macrophages will lead to the secretion of PGE 2 .
To test this, we infected bone marrow-derived macrophages with F. tularensis at a MOI of 100:1. Twenty-four hours after infection, supernatants were tested for the presence of PGE 2 by commercial ELISA. F. tularensis infection of bone marrow-derived macrophages leads to a significant increase in PGE 2 secretion (Fig. 4A) . IFN-␥ has been demonstrated to directly induce the production of PGE 2 from peritoneal macrophages (45) . As such, we wanted to determine whether IFN-␥ was responsible for the release of PGE 2 . To examine this, we treated bone marrow-derived macrophages with 100 U/ml IFN-␥ or were mock treated. Macrophages were infected or mock infected, and the levels of PGE 2 were monitored after 24 h. PGE 2 production by F. tularensis-infected bone-marrow-derived macrophages does not require IFN-␥ treatment because untreated macrophages produced significant amounts of PGE 2 (Fig. 4B) . To ensure that this increase represented newly synthesized PGE 2 , we treated the same cells with indomethacin before F. tularensis infection. Indomethacin treatment reduced PGE 2 to control levels (Fig. 4 ). These data demonstrate that F. tularensis induces PGE 2 synthesis in macrophages.
PG enhances intracellular growth of F. tularensis LVS
Infectious intracellular organisms elicit PG production for multiple reasons. PGs can block T cell proliferation and skew the T cell response (14, 18, 46) ; it can also aid the infectious organism in intracellular replication (35, 47) . We predicted that PGs might be beneficial to the ability of F. tularensis to invade and replicate inside infected cells. To address this theory, we examined intracellular growth of F. tularensis within indomethacin-treated macrophages as compared with controls. A B6-derived macrophage cell line, ANA-1, was treated with indomethacin or vehicle for 2 h before infection. Macrophages were than infected at a MOI of 100:1 and CFUs were determined at day 0, day 1, and day 2 postinfection. F. tularensis LVS readily replicated within untreated macrophages, because initial infection was 5 ϫ 10 5 organisms and by day 2 there was almost a five log increase in the number of organisms (Fig. 5A) . In indomethacin-treated macrophages, the same number of organisms were able to invade as in untreated macrophages, suggesting that PGs are not needed for F. tularensis to invade macrophages. However, intracellular replication was severely restricted, because by day 2 there was only a two-log increase in the number of organisms. There was almost a 10,000-fold increase in the number of organisms from untreated macrophages as compared with indomethacin-treated macrophages. Indomethacin or PGE 2 may be directly affecting F. tularensis replication. To examine this, we added indomethacin or PGE 2 to broth cultures of F. tularensis and monitored growth. Neither indomethacin nor PGE 2 had any effect on the organism's ability to grow in broth culture (data not shown). The changes in replication between indomethacin-treated and untreated macrophages are due to the effects of PGs on the macrophage.
Indomethacin treatment partially restored T cell function and inhibited the ability of F. tularensis to replicate within host cells. Therefore, indomethacin's ability to reverse F. tularensis-mediated T cell-altered activation may be due to limiting F. tularensis replication, rather than due to blocking the effects of PGs on the T cells. We hypothesized that F. tularensis did not need to replicate to induce PGE 2 secretion. To test this, we treated F. tularensis to block replication. We inactivated F. tularensis with heat (60 o C for 10 min), UV treatment, formaldehyde, or ethanol, and then added the organisms to bone marrow-derived macrophages. As expected, all treatments blocked replication as determined by growth on chocolate agar (data not shown). After 24 h PGE 2 levels were determined. UV and formaldehyde-treated F. tularensis stimulated PGE 2 production from the bone marrow-derived macrophages, whereas ethanol and heat treatment abolished F. tularensis's ability to elicit PGE 2 (Fig. 5B) . The fact that ethanol and heat-killing of bacteria ablated PGE 2 induction from macrophages, whereas UV and formaldehyde did not, suggests that a protein is responsible for PGE 2 production from infected macrophages. Ethanol and heat-killing will degrade or modify protein structure, whereas UV and formaldehyde treatment will likely conserve protein structure (48) . However, future studies will be needed to better understand this process.
We next tested whether UV-treated F. tularensis could still block IL-2 production and increase IL-5 secretion. We isolated supernatant from bone marrow-derived macrophages that were incubated with UV-treated F. tularensis. This supernatant was then tested for its ability to inhibit IL-2 and augment IL-5 production from the h4Ly50.5 T cell hybridoma. As Fig. 5C demonstrates, F. tularensis replication was not needed to alter T cell cytokine secretion. Similarly, supernatant from bone marrow-derived macrophages incubated with UV-treated bacteria also inhibits P14 C8 ϩ T cell proliferation (Fig. 5D ). These data demonstrate that, although indomethacin inhibited the ability of F. tularensis to replicate in host cells, replication of F. tularensis was not necessary for either production of PGE 2 or alteration of T cell responses induced by F. tularensis. Taken together, this would suggest that PGE 2 secretion by F. tularensis-infected cells can suppress T cells, and the effect can be reversed by the addition of indomethacin.
Supernatants from mPGES1 Ϫ/Ϫ bone marrow-derived macrophages infected with F. tularensis cannot inhibit T cell proliferation
We demonstrated that inhibition of PG production partially reversed F. tularensis's ability to alter T cell responses. Of the known PGs, only PGE 2 has been demonstrated to have the immunomodulatory properties that we have observed (11, 18 -20, 49) . We decided to use genetic ablation to further examine the possible role of PGE 2 in T cell modulation during F. tularensis infection of bone marrow-derived macrophages. We tested mice that had the mPGES1 gene inactivated by insertional mutagenesis (40) . As mentioned earlier, the mPGES1 and COX-2 are responsible for inducible PGE 2 production (40, 50). We hypothesized that F. tularensis infection of bone marrow-derived macrophages from the mPGES knockout mice would not block T cell proliferation. Bone marrow-derived macrophages from the mPGES1 Ϫ/Ϫ and B6 (wild-type control) were infected with F. tularensis LVS at a MOI of 100:1. After 24 h, supernatants were transferred to uninfected irradiated APCs and CD8 ϩ naive P14 transgenic T cells and cognate peptide, and proliferation was examined. Supernatant from mPGES1 Ϫ/Ϫ -infected bone marrow-derived macrophages was unable to block T cell proliferation, unlike wild-type (Fig. 6 ). This demonstrates that PGE 2 is responsible for the skewing of T cell activation during F. tularensis infection of APCs.
It is possible that the infected macrophages are making PGE 2 , which in an autocrine fashion, acts on the macrophage to make another factor that is skewing T cell responses. To determine whether this was true or whether the PGE 2 was directly acting on the T cells, we examined the effect of PGE 2 on T cells stimulated in the absence of APCs. Purified naive CD8 ϩ P14 transgenic T cells were mock treated or treated with 15 ng/ml commercial PGE 2 , this concentration is similar to what is seen from F. tularensis-infected bone marrow-derived macrophages, or 15 ng/ml Iloprsot (a prostacylcin analog). Iloprost was added because it has been suggested to also block T cell activation, and mPGES1 Ϫ/Ϫ mice have been demonstrated to have lower production of PGI 2 (51). The T cells were then stimulated with 5 nM of their cognate tetramer. T cell proliferation was determined by [ 3 H]thymidine incorporation. The addition of PGE 2 inhibited the proliferation of the P14 CD8 ϩ T cells (Fig. 6B) . Furthermore, the level of inhibition was similar to infected supernatant T cell inhibition. To further demonstrate that PGE 2 is altering T cell activation and skewing the response toward a Th2-like environment, the h4Ly50.5 T cell hybridoma was treated with various concentrations of commercial PGE 2 , F. tularensis infection supernatant, or mock supernatant in the presence of immobilized anti-CD3 and soluble anti-CD28. After 24 h of stimulation the levels of IL-2 and IL-5 were determined. Once again, treatment of T cells with concentrations of PGE 2 that are similar to F. tularensis-treated bone marrowderived macrophages block IL-2 secretion and increased IL-5 secretion (Fig. 5C ). Interestingly, a lower concentration of PGE 2 still blocked IL-2 secretion, whereas a higher concentration of PGE 2 was needed to augment IL-5. This may explain why indomethacin treatment partially recovered IL-2 inhibition but did not completely reverse IL-5 levels, as seen in Fig. 3 . The fact that cells lacking the mPGES1 gene are unable to inhibit T cell proliferation like wild type and that PGE 2 , at concentrations similar to what is seen in infected supernatant, is able to block T cell proliferation stimulated in the absence of APCs demonstrates that PGE 2 is the inhibitory factor.
Discussion
Infection by F. tularensis has several distinct clinical patterns. Each form is dependent upon the mode of transmission. F. tularensis can gain entry through the skin, the lung, or though the gut (52) . Each of these portals of entry is a unique immunological niche so F. tularensis needs multiple ways to evade and/or modulate the immunological response. To date, the best-characterized F. tularensis immune evasion is its ability to invade host macrophages and escape the phagolysosomal degradation pathway (53) (54) (55) . In this study, we identified a mechanism used by F. tularensis to alter both innate and adaptive immunity. F. tularensis infection of bone marrow-derived macrophages leads to the secretion of PGE 2 . This F. tularensis-elicited PGE 2 inhibits IL-2 production and shifts the T cell response from a Th1-type-mediated response to a Th2-type response. Furthermore, F. tularensis-induced PGs also modulate macrophages, allowing F. tularensis to better replicate intracellularly. This is the first such study on F. tularensis to demonstrate a potential shift in the adaptive immune response.
Appropriate T cell responses are critical for clearing F. tularensis and establishing long-term immunity. Both CD4 ϩ and CD8 ϩ -mediated responses can clear F. tularensis from the host (3) (4) (5) 56) , and the critical factor is the secretion of IFN-␥ (8, 57-59 ). Therefore, a Th1-like response consisting of IL-2 and IFN-␥ production would be beneficial, whereas a Th2-like mediated response, dominated by IL-4 and IL-5, would be ineffective in controlling F. tularensis. NK cells are also capable of producing and secreting IFN-␥ in response to F. tularensis (6) . It is likely that NK-derived IFN-␥ is important in initially controlling F. tularensis but is not sufficient to clear the organism. Consistent with this, SCID mice, which produce NK cells, can survive up to 40 days before succumbing to infection (8) . Thus, the response of T cells and their IFN-␥ is needed to clear infection. F. tularensis mechanisms that promote the production of small molecules that block IFN-␥ and IL-2 and promote a Th2 response would have beneficial effects on bacterial survival. We showed that F. tularensis infection inhibits an effective T cell response, because we see decreased IL-2 production from both MHC class I-and MHC class II-restricted T cell hybrids, and decreased proliferation from naive transgenic T cells. We also see the promotion of a Th2-mediated response from the MHC class II T cell hybrids. Thus, F. tularensis has used a mechanism that can target both CD4 ϩ and CD8 ϩ T cells, which is important because both can control F. tularensis (3, 4) . This alteration of T cell activation is mediated by the soluble compound PGE 2 .
PGs are known to be powerful mediators of immune responses. The immunoregulatory properties of PGE 2 are the best characterized of the known PGs. Due to the multiple receptors that PGE 2 can bind, it has both inflammatory and anti-inflammatory effects on immune cells (11) . However, it is well established that PGE 2 leads to increased cAMP levels within T cells that blocks IFN-␥ and IL-2 production and subsequent T cell proliferation, and promotes the production of the Th2 cytokine IL-5 (18 -20) . Furthermore, PGE 2 modulates APCs, by blocking maturation and suppressing the secretion of the Th1-promoting cytokine IL-12 (11, 49) . PGE 2 can also down-regulate inducible NO synthase (iNOS) transcription and interfere with the proper phagolysome function (60 -62) . Although these effects of PGE 2 on the immune system have been known for several years, the role of PGE 2 during infections is just starting to be examined. Recent studies show that bacterial components LPS, CpG DNA, and peptidoglycan wall can all induce COX-2 expression and PGE 2 production (21, 22, 25) . Interestingly, L. pneumophila and Escherichia coli both use PGE 2 to modulate T cell function (31, 63) . Inhibition of PGE 2 production by either indomethacin treatment or deletion of the mPGES1 gene reverses the inhibition of Th1-like T cell responses by restoring IL-2 production and T cell proliferation and lowering IL-5 production down to wild-type levels. Furthermore, treatment of T cells with PGE 2 recreates the effects seen with infected supernatant. It is possible that PGE 2 is not the final molecule in modulating the T cell response, but rather causes the T cell to produce another factor that works in an autocrine fashion to alter T cell activation. Regardless of the final mechanism, this study clearly demonstrates that F. tularensis can elicit PGE 2 upon infection of macrophages and this PGE 2 directly alters T cell response.
The elicitation of PGs by F. tularensis also modulates macrophage function. Other pathogens have been shown to use PG production to allow for better intracellular replication (35, 47) . Treatment of a macrophage cell line with indomethacin slows the intracellular growth of F. tularensis. PGs down-regulates iNOS mRNA levels within macrophages (60, 61) , and iNOS responses are necessary for macrophages to degrade F. tularensis (52) . Further studies will be needed to further characterize the response of PGs on macrophages that allow F. tularensis to grow. However, these data show that induction of PGs by F. tularensis has many beneficial properties for the infection and survival of the bacterium. PGE 2 production happens within 24 h so that both innate and adaptive immune responses are impacted. This early production of PGE 2 likely gives F. tularensis an advantage in replication, and likely initial infection. Furthermore, the continued production of PGE 2 will then alter subsequent T cell responses, allowing the organism to persist. This would suggest that blocking PGE 2 would allow for quicker clearance of the organism from the host. However, PGE 2 inhibits inflammatory-induced tissue damage. For example, in E. coli infection PGE 2 protects against liver damage but hampers clearance of the organism (63) . Thus, blocking PGE 2 may lead to increased tissue damage and quicken time to death. However, in vivo studies using indomethacin during infection with the intracellular parasite Leishmania have demonstrated reduced symptoms of disease compared with infected controls (64) . Further studies are being done to analyze the in vivo role of PGE 2 during F. tularensis infection.
In summary, we demonstrate that F. tularensis elicits PGE 2 production from infected bone marrow-derived macrophages. This F. tularensis-induced PGE 2 skews the generation of subsequent T cell responses. PGE 2 blocks the production of IL-2, and subsequently the T cell's ability to proliferate, and augments the production of IL-5. The inhibition of PGE 2 , either by indomethacin or deletion of the mPGES1 gene, reversed F. tularensis's ability to modulate and skew the T cell response. Furthermore, the inhibition of PGs by indomethacin hampers the ability of F. tularensis to replicate intracellularly. Clearly, the induction of PGE 2 secretion by F. tularensis appears to be advantageous to the organism. This research sheds new light onto F. tularensis's ability to modulate host immune responses, and will need to be taken into consideration in the future development of vaccine therapy for this organism.
